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I n t r o d u c t i o n  

I n  t h e  s i x  y e a r s  from 1959 t o  1965 t h e  f i r s t  phase i n  t h e  magnetic 

e x p l o r a t i o n  of t h e  moon and t h e  a c c e s s i b l e  p l a n e t s ,  Venus and Mars, has  

been completed. It i s  n3 s a r p r i s e  t o  members o f  a conference such as t h i s  

t h a t  magnetic f i e l d  experiments  were arriox-ig t h e  f i r s t  s c i e n t i f i c  i n v e s t i -  

g a t i o n s  of t h e  moon end p l a n e t s .  

United S t a t e s  (P ioneer  1, October 1958) contained a magnetometer i n t e n t e d  

t o  i n v e s t i g a t e  t h e  luner magnetic f i e l d .  Unfortunately,  P ioneer  1 only 

The f i rs t  space probe launched by t h e  

- went about  o n e - f i f t h  of t h e  d i s t a n c e  t o  t h e  moon be fo re  falling back t o  . 

e a r t h .  However, i n  t h e  in t e rven ing  yea r s ,  m g n e t i c  measurenents have been 

L s u c c e s s f u l l y  c a r r i e d  o u t  nea r  the moon, by Lunik 2 (September 1959), ' n ea r  

Venus, by Mariner 2 (December, 1962), and Rear Y a r s ,  by Mariner 4 ( Ju ly ,  

1965). What have we l ea rned  about t h e  magnetic p r o p e r t i e s  of t h e  earth's 
\ 
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!arest neighbors? 
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Undoubtedly, most of you are aware t h a t  no f i e lds  w e r e  d e t e c t e d  

t h a t  could be a t t r i b u t e d  t o  e i t h e r  t h e  moon o r  t h e  two p l a n e t s .  The i n t e r -  

p r e t a t i o n  o f  t h e  measurements could have been a r e l a t i v e l y  s imple matter 

i f  a p l a n e t a r y  magnetic f ie ld  had been observed.  The k ind  o f  i n fo rma t ion  

t h a t  we would a l l  l i k e  might t hen  have been a v a i l a b l e ,  such as t h e  s t r e n g t h  

and o r i e n t a t i o n  of  t h e  f i e l d ,  whether t h e  source  w a s  predominant ly  a d i p o l e  

o r  no t  and if  it vas, how it was d i r e c t e d  w i t h  r ega rd  t o  t h e  p l a n e t a r y  

r o t a t i o n  a x i s .  However, a negat ive  r e s u l t  means t h a t  t h e  best we can do 

at  p r e s e n t  i s  t o  p l a c e  an lupper  bound on t h e  r e s p e c t i v e  magnetic d i p o l e  

moments. $The d e r i v a t i o n  of  t h e s e  bounds forms t h e  basic con ten t  of t h i s  

review.  

c- 

i’ 

i 
up_ 

I. 

I n  o rde r  t o  do a reasonably  thorough j o b s i t  w i l l  be necessa ry  t o  
.~ 

cons ide r  no t  on ly  t h e  d a t a  obtained b u t  a l s o  t h e  s p a c e c r a f t  t r a j e c t o r y  

and even some of t h e  ins t rument  c h a r a c t e r i s t i c s  I7 Moreover, p l a n e t a r y  _-- 

magnetic f ields i n t e r a c t  w i t h  t h e  ion ized  i n t e r p l a n e t a r y  medium i n  a 

complicated manner, and i n  o r d e r  t o  i n t e r p r e t  t h e  results it w i l l  b e  

necessa ry  t o  use t h e  methods of plasma phys ic s  as w e l l  as t h e  results of 

magnetic measurements made nea r  t h e  e a r t h  by space probes and satellites. 
_- 

For t h o s e  who are i n  some f i e l d  t h a t  i s  unrelated t o  plasma 

phys ics ,  I h a s t e n  t o  add t h a t  c e r t a i n  s i m p l i f i c a t i o n s  are p o s s i b l e .  F i r s t ,  

s i n c e  n e i t h e r  Lunik nor  t h e  Mariners  passed  behind t h e  moon o r  t h e  p l a n e t s ,  

it w i l l  be  unnecessary t o  d i s c u s s  i n  much d e t a i l  t h e  p l a n e t a r y  magnetic 

t a i l  ( s e e  below). 

on t h e  e m p i r i c a l  d e s c r i p t i o n  of t h e  s o l a r  wind-p lane tary  f i e l d  i n t e r a c t i o n  

Second, t h e  d i scuss ion  w i l l  be based a lmost  e n t i r e l y  
z 

1. . 



c 

-3- 

der ived  from Kear e a r t h  measurements w i t h  on ly  p a s s i n g  r e f e r e n c e  t o  t h e  

b a s i c  t h e o r e t i c a l  concepts .  F ina l ly ,  our  q u i t e  r e s t r i c t e d  o b j e c t i v e  w i l l  

be to estimate t h e  p l a n e t a r y  d ipo le  moment us ing  our  knowledge o f  how far 

c e r t a i n  f e a t u r e s  of t h e  geomagnetic f i e l d  s t i c k  o u t  i n t o  i n t e r p l a n e t a r y  space. 
i 

Review of Near-Earth Measurements 

The solar wind i s  t h e  hot, outermost p o r t i o n  of t h e  sun's 

corona which, i n s t e a d  of be ing  i n  h y d r o s t a t i c  e q u i l i b r i u m  wi th  t h e  g r a v i -  

t a t i o n a l  f i e l d ,  i s  cont inuous ly  e x p a n d h i  r a d i a l l y  outward i n t o  i n t e r -  

p l a n e t a r y  space.  As it flows p a s t  a p l a n e t ,  t h e  s o l a r  wind, a c t i n g  as a 

f u l l y  ioRized gas  o r  plasma, tends  t o  r e s i s t  t h e  p e n e t r a t i o n  i n t o  it of 

t h e  p l a n e t a r y  magnetic f i e l d .  The hydrodynamic wind p res su re ,  which i s  

e q u i v a l e n t  t o  t h e  momentum f l u  a s s o c i a t e d  wi th  i t s  d i r e c t e d  motion, 

compresses t h e  p l a n e t a r y  f i e l d  i n t o  a t e a r  drop-shaped c a v i t y  w i t h  a 

t a i l  p o i n t i n g  away from t h e  sun ( f i g u r e  1). 

of t h i s  c a v i t y  and throughout a n e a r l y  symnetr ic  volume i n  t h e  a n t i s o l a r  

h e l i s p h e r e ,  t h e  energy d e n s i t y  of t h e  c o q r e s s e d  magnetic f i e l d  exceeds 

t h e  energy d e n s i t y  of whatever p a r t i c l e s  a r e  p r e s e n t  i n s i d e  t h e  c a v i t y  

such as t h e  ion ized  o u t e r  atmosphere of t h e  p l a n e t  o r  t r apped  h igh  energy 

r a d i a t i o n .  This doughnut-shaped r e g i o n  i s  c a l l e d  t h e  xagnetosphere and 

i t s  outermost s u n l i t  boundary, on t h e  oppos i t e  s i d e  of which i s  t h e  solar 

wind, i s  c a l l e d  t h e  magnetopause. A t  t h e  s u b s o l a r  p o i n t ,  t h e  d i s t a n c e  from 

<:: FIG. 1 I n s i d e  t h e  sunlit hemisphere 

. 

t h e  e a r t h ' s  c e n t e r  t o  t h e  magnetopause i s  ve ry  near  10 e a r t h  r a d i i  ( r  ) 

( C a h i l l  and Amazeen, 1963). 
E 

High l a t i t u d e  magnetic field l i n e s  on b o t h  t h e  
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s u n l i t  and d a r k  hemispheres of t h e  e a r t h  a r e  c a r r i e d  or dragged downstream 

by t h e  wind t o  form an elongated magnetic tail (Smith, 1962; C a h i l l ,  1964; 

Ness, 1965). The length of t h i s  t a i l  i s  unknown a t  p re sen t .  I t  t r a i l s  

downwind a t  l e a s t  30 rE and may extend i n t o  i n t e r p l a n e t a r y  space hundreds 

o r  even thousands of e a r t h  r a d i i .  

Besides  being f u l l y  ion ized ,  t he  s o l a r  wind has  two o t h e r  

c h a r a c t e r i s t i c s  t h a t  affecr :  i t s  i n t e r a c t i o n  wi th  the  p l a n e t s :  1) Because 

i t  c a r r i e s  a long  a weak (- 5 -  gauss = 5 y )  magnetic f i e l d  (which 

s t a r t e d  o u t  a t  the  sun a s  a coronal  f i e l d ) ,  the  s o l a r  wind behaves l i k e  

a f l u i d .  2 )  The wind i s  hypersonic ,  i . e . ,  the  v e l o c i t y  of t h e  plasma 

i s  much l a r g e r  than t h e  v e l o c i t y  with which waves can  propagate  through 

i t .  When t h e  wind has  t o  flow around an  o b s t a c l e  l i k e  t h e  magnetosphere 

of a p l a n e t ,  t hese  two c h a r a c t e r i s t i c s  cause a shock wave t o  occur  

upstream of the  p l a n e t ,  somewhat l i k e  t h e  bow wave t h a t  accompanies a 

boat  (Axford, 1962; Kellogg, 1962; S p r e i t e r  and Jones ,  1963). F igure  1 

shows t h e  hydromagnetic shock which i s  detached from t h e  b lun t  magneto- 

sphe re .  The shock f r o n t  is  s t a t i o n a r y  i n  the  p l a n e t a r y  frame of 

r e f e r e n c e  s o  t h a t  t h e  s i t u a t i o n  i s  much l i k e  t h a t  encountered i n  aero-  

dynamic wind tunnels  o r  hydrodynamic channel flows where the  medium 

moves r a p i d l y  p a s t  a model. Near the  e a r t h  the shock f r o n t  i s  loca ted  

a t  a geocen t r i c  d i s t a n c e  of - 13 r on the  sun l i n e ,  and i t  f l a r e s  o u t  E 

t o  N 2 0  r a long  the  dawn-sunset l i n e  (Ness, Scearce ,  and Seek, 1964). 

The shock f r o n t  r ep resen t s  a second boundary wi th  t h e  i n t e r -  

E 

p l a n e t a r y  plasma and f i e l d  on one s i d e  and a zone of i r r e g u l a r  o r  t u r b u l e n t  



. 

- 5- 

magnetic f i e l d s  and plasma on t h e  o ther .  On approaching t h e  e a r t h ,  t h e  

p o s i t i o n  of t h e  shock is  d e t e c t a b l e  as an abrupt  change from r e l a t i v e l y  

q u i e t  i n t e r p l a n e t a r y  condi t ions  t o  e magnet ica l ly  no i sy  condi t ion  which 

persists throughout t h e  t h i c k  t r a n s i t i o n  r eg ion  o r  magnetosheath between 

t h e  shock and t h e  magnetopause. The shock f r o n t  r e p r e s e n t s  t h e  o u t e r  

boundary beyond which t h e r e  i s  no observable e f f e c t  due t o  a p l a n e t a r y  

field. 

FIG. 2 < The c h a r a c t e r i s t i c s  of  the f i e l d s  i n  t h e  magnetosphere and 

t r a n s i t i o n  reg ion  a r e  s u m a r i z e d  i n  f i g u r e  2 which i s  a n  i d e a l i z e d  p l o t  

of t h e  f i e l d  rragnitude, 1 BI , as a func t ion  of g e o c e n t r i c  d i s t a n c e  i n  t h e  

d i r e c t i o n  toward t h e  sun. The most important  f e a t u r e s  are: 1) a reg ion  

near  t h e  e a r t h  where t h e  observed f i e l d  i n  magnitude and d i r e c t i o n  is 

approximately t h e  same as f o r  t h e  unperturbed geomagnetic f i e l d ,  2 )  t h e  

magnetopause (a t  10 r ), ac ross  which t h e r e  i s  t y p i c a l l y  an abrupt  change 

from a value about double t h e  s t r e n g t h  of t h e  unperturbed f i e l d  t o  t h e  ir- 

r e g u l a r  t r a n s i t i o n  reg ion  f i e l d s  having average v a l u e s  of from 20 t o  50 y ,  

and 3 )  t h e  shock f r o n t  a t  13 rE wnich may o r  may not  e x h i b i t  an  ab rup t  

change from t h e  average value of t h e  i n t e r p l a n e t a r y  f i e l d  (- 5 y) t o  a 

l a r g e r  average more t y p i c a l  of the t r a n s i t i o n  reg ion .  These important  

features need t o  be kept  i n  mind when we t u r n  t o  a cons ide ra t ion  of t h e  

space probe da ta .  

E 

Shape and Locat ion of t h e  bkgnetopause and Shock Front  f o r  Other P l a n e t s  

When no evidence of an i n t r i n s i c  magnetic f i e l d  i s  seen at 
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some p o s i t i o n  near  t h e  moon o r  a p lane t ,  t h e  d i p o l e  moment may be  esti- 

mated by cons ider ing  how s t r o r g  it could be without  producing an  observable  

p e r t u r b a t i o n  of t h e  s o l a r  wind. Of course,  t h e  o r i e n t a t i o n  of t h e  d i p o l e  

moment i s  unknown and some d i r e c t i o n  f o r  it must be assumed. I n  t h e  

fo l lowing  d i scuss ion  we w i l l  assume that t h e  d i p o l e  moment, M, lies i n  the 

p lane  con ta in ing  t h e  s o l a r  wind v e l o c i t y  vec tor ,  V and t h e  axis of 

r o t a t i o n  of t h e  p l a n e t  and t n a t  M i s  a l s o  pe rpend icu la r  t o  &. 
and l o c a t i o n  of t h e  magnetopause and shock f r o n t  under t h i s  cond i t ion  have 

- 

iw’ 

The shape - 

been i n v e s t i g a t e d  r a t h e r  ex tens ive ly  by t h e o r i s t s  s i n c e  it approximates 

t h e  s i t u a t i o n  near  t h e  e a r t h .  It i s  considered u n l i k e l y  t h a t  a r a d i c a l l y  

d i f f e r e n t  o r i e n t a t i o n  f o r  E, such as p e r a l l e l  t o  V would change th ings ’  
-WY 

q u a l i t a t i v e l y ;  and it seems p l a u s i b l e  t h a t  using t h e  above assumptions t h e  

upper bound on \MI can be es t imated  t o  wi th in  a t  least a f a c t o r  of 3. 

A n  express ion  w i l l  now be der ived  f o r  t h e  d i s t a n c e  from t h e  m a g -  

netopause o r  t h e  shock f r o n t  t o  the  cen te r  of a magnetized p l a n e t  i n  terms 

of how far t h e  corresponding feat-are  i s  from t h e  e a r t h  a t  a p o i n t  of obser-  

v a t i o n  having t h e  same sun-p lane t -spacecraf t  angle. A s  mentioned above, 

the e f f e c t  t h a t  i s  d e t e c t a b l e  the  f u r t h e s t  from t h e  p l a n e t  i s  t h e  bow shock. 

Fo r tuna te ly ,  t h e  shape and l o c a t i o n  of bo th  t h e  e a r t h ’ s  rrignetopause and 

t h e  bow shock surrounding t h e  e a r t h  have been determined e m p i r i c a l l y  by 

satell i te and space probes.  

w i t h  t h e o r e t i c a l  expec ta t ions .  

Their  shape and l o c a t i o n  agree reasonably w e l l  

The magnetopause and shock f r o n t  are expected t o  be approximately 

s u r f a c e s  of r e v o l u t i o n  having the  d i r e c t i o n  from t h e  sun t o  t h e  p l a n e t  
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as a x i s  (neg lec t ing  a b e r r a t i o n  due t o  o r b i t a l  motion around t h e  sun  which 

r o t a t e s  t h i s  axis  - 6 O  f o r  t he  e a r t h  and moon. According t o  v a r i o u s  theo- 

r e t i c a l  ana lyses  

and Beard, 1964; 

magnetopause may 

(Midgley and Davis,  1963; S p r e i t e r  and H y e t t ,  1963; Mead 

S l u t z  and Winkelman, 1964), t h e  s u b s o l a r  h a l f  of t h e  

be expressed  a s  R = r -F($), where t h e  d i s t a n c e  t o  t h e  
0 

s u b - s o l a r  p o i n t  from t h e  p l a n e t ' s  c e n t e r  i s  r = (y>T: - and 4 is  t h e  ang le  
0 

between the  v e c t o r  from t h e  sun t o  the  p l a n e t  and t h e  r a d i u s  v e c t o r  t o  

t h e  po in t  of observa t ion .  I n  t h e  above expres s ion  f o r  r M is t h e  

magnitude of the  d i p o l e  moment while t h e  s o l a r  wind momentum f l u x  i s  

p = nmv" w i t h  n t h e  number d e n s i t y  of pro tons  having m a s s ,  m, and s o l a r  

wind speed ,  v . Various c o n s t a n t s  have been absorbed i n  K which a l s o  

i n c o r p o r a t e s  a modest dependence on l a t i t u d e  t h a t  p r e v e n t s  t h e  magneto- 

pause from being s t r i c t l y  a su r face  of r evo lu t ion .  K w i l l  be assumed 

c o n s t a n t  h e r e  s i n c e  concern wi th  l a t i t u d e  dependence is e q u i v a l e n t  t o  

q u e s t i o n i n g  the  o r i e n t a t i o n  of E. The shock f r o n t  s u r f a c e  is  determined 

by t h e  s i z e  and shape of t he  magnetosphere and should e x h i b i t  e s s e n t i a l l y  

t h e  same f u n c t i o n a l  dependence. It fo l lows  from t h e  above t h a t  a t  a 

g iven  sun-p lane t - spacec ra f t  angle  the  d i p o l e  moment of t h e  p l a n e t  (M) 

r e l a t i v e  t o  the  d i p o l e  moment of the  e a r t h  (F$) is  r e l a t e d  t o  t h e  

l o c a t i o n  of t he  magnetopause o r  shock f r o n t  a t  t h e  e a r t h  (RE 
p l a n e t  (R) and t o  t h e  s o l a r  wind p r e s s u r e s  (PE) and P): 

0' 

W 

W 

and t h e  
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The Lunar MaErietic F i e l d  

Lunik 2 impacted on the  moon only  one and one-half  days a f t e r  

high l a t i t u d e  (- 30”) i s  shown i n  f i g u r e  3 as a f u n c t i o n  of t w o  parameters ,  

launch. The t r a j e c t o r y  of  Lunik 2 a s  i t  apprmched t h e  moon a t  a f a i r l y  

t h e  lunar  r a d i a l  d i s t a n c e  and t h e  sun-moon-spacecraft angle .  The 

c a l c u l a t i o n s  on which t h e  f i g u r e  i s  based were c a r r i e d  o u t  a t  t h e  r e q u e s t  

of  t h e  a u t h o r  by P e t e r  F e i t i s  of the J e t  Propuls ion I a b o r a t o r y  u s i n g  

d a t a  presented  i n  Sedov (1960). The s p a c e c r a f t  was no t  s t a b i l i z e d  but  

tumbled through space (slowly r o t a t i n g  and precess ing)  so t h a t  t h e  

a t t i t u d e  was unknown a f t e r  i t  l e f t  t h e  d i p o l e - l i k e  p o r t i o n  of t he  

geomagnetic f i e l d .  T r i a x i a l  magnetic f i e l d  measurements were made by 

a f l u x g a t e  magnetometer i n s i d e  the  geomagnetic f i e l d ,  i n  c i s l u n a r  space 

and j u s t  above t h e  s u r f a c e  of t h e  moon. The d a t a  obta ined  j u s t  before  

impact a r e  shown i n  f i g u r e  4 along w i t h  t h e  computed va lue  of t h e  t o t a l  

f i e l d  ( the  r o o t  sum of t h e  squares  of t h e  components) (Dolginov e t  a l ,  

1960). The l a s t  datum was obtained a t  a n  a l t i t u d e  of  30 km. 

The a s p e c t  of t h e  d a t a  t h a t  most determines t h e  upper bound on 

t h e  l u n a r  d i p o l e  moment i s  t h e  s e n s i t i v i t y  of t h e  Lunik 2 magnetometer.. 

I n  i n t e r p r e t i n g  t h e i r  d a t a ,  t h e  experimenters  es t imated  t h a t  t h e  

ins t rument  had a noise  t h r e s h o l d  of - 100 y. This  assessment  i s  

suppor ted  by t h e  f a c t  t h a t  no usefu l  d a t a  w e r e  ob ta ined  near  t h e  e a r t h  

beyond - 7 r 

and apparent  f i e l d  changes as large as 100 y were observed i n  c i s l u n a r  

s p a c e  i n  reg ions  t h a t  should be l i k e  those where subsequent  magnetometer 

measurements show r e l a t i v e l y  s t e a d y  5 t o  10 y f i e l d s .  

( t he  magnetopause and t r a n s i t i o n  r e g i o n  were n o t  d e t e c t e d )  E 
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I 

The upper f o u r t h  of f i g u r e  4 con ta ins  t h e o r e t i c a l  curves  f o r  

t h r e e  d i f f e r e n t  va lues  of  t he  sur face  f i e l d  assuming an  inve r se  cube 

decrease  w i t h  d i s t ance .  The Lunik experimenters  conclude t h a t  a s u r f a c e  

f i e l d ,  Bs, as  l a r g e  a s  100 y could have escaped d e t e c t i o n .  

t o  a n  upper bound on M (equal  t o  B r 

Th i s  cor responds  

w i t h  r t h e  luna r  r ad ius )  of s m  m 

-io-* ME. 
The above a n a l y s i s  weights t h e  l a s t  few d a t a  p o i n t s  very  

heav i ly .  I t  i s  i n t e r e s t i n g  t o  cons ider  where the  magnetopause and 

shock f r o n t  might have occurred s i n c e ,  as  w e  have seen ,  a 100 y f i e l d  a t  

t he  e a r t h ' s  magnetopause is adequate t o  balance the  t y p i c a l  s o l a r  wind 

p res su re .  Using t h e  equa t ion  (1) above and assuming p = pE, f o r  M = 1 0 - ~  

= 10'--10 4 rE = 1.7 r . ME, 3 m Since the  l o c a t i o n  of  t h e  shock f r o n t  

i s  an  a d d i t i o n a l  30% o r  so  beyond t h e  magnetopause, t he  shock f r o n t  

might occur  a t  2.2  r -  a t  the subso la r  po in t .  I f  t he  same equa t ion  is 

a p p l i e d  t o  t h e  Lunik 2 t r a j e c t o r y  and al lowance is  made f o r  a sun-moon- 

m 

s p a c e c r a f t  angle  of - 60' dur ing  the approach, the magnetopause and 

shock f r o n t  would have occurred a t  t he  p o s i t i o n  of the  two arrows i n  

f i g u r e  4. It i s  not  s u r p r i s i n g  t h a t  no a d d i t i o n a l  in format ion  about  

t h e  d i p o l e  moment can  be obtained s i n c e  t h e  f i e l d  i n s i d e  the  magneto- 

pause was assumed t o  b e  - 100 v and t h e  t r a n s i t i o n  reg ion  f i e l d s ,  i f  

they  are  l i k e  the  e a r t h ' s ,  a r e  even smaller and would be l o s t  i n  t h e  

ins t rument  noise .  

The upper  bound e s t a b l i s h e d  by Lunik 2 s t i l l  does no t  se t t le  

some i n t e r e s t i n g  s c i e n t i f i c  ques t ions ,  such as whether t h e  moon could 
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accumulate a weak atmosphere from t h e  s o l a r  wind (Nakoda and Mihalov, 

1963). I f  the su r face  f i e l d  is  100 v then we would not expect  a weak 

s o l a r  wind (at  l e a s t  a wind having the p re s su re  measured by s p a c e c r a f t  

dur ing  the minimum s o l a r  a c t i v i t y  of t he  l as t  few yea r s )  t o  reach  the  

s u r f a c e .  However, i f  the su r face  f i e l d  i s  only 10 v then t h e  s o l a r  

plasma can r e a d i l y  pene t r a t e  t o  the su r face .  This would modify the  

na tu re  of the i n t e r a c t i o n  between the s o l a r  wind and the  moon al though 

a shock f r o n t  and t r a n s i t i o n  region a r e  s t i l l  expected (Gold, 1965). 

(However, s i m p l e  ex t r apo la t ion  of the shape and loca t ion  of the e a r t h ' s  

shock f r o n t  t o  the v i c i n i t y  of the moon would then  be a ques t ionab le  

procedure.)  In  t h i s  case a weak lunar f i e l d  may e x i s t  t h a t  i s  not 

i n t r i n s i c  t o  the  moon, o r i g i n a t i n g  perhaps in s ide  a molten c o r e ,  bu t  

has been caused by d i f f u s i o n  of the i n t e r p l a n e t a r y  f i e l d  i n t o  the  

s o l i d  conduct ing body of t he  moon (Gold, 1965). For va lues  of t he  

s u r f a c e  f i e l d  between 10 and 100 v cond i t ions  a t  the s u r f a c e  can be 

expected t o  be very changeable s ince  t h e  s o l a r  wind can show s t r o n g  

d a i l y  v a r i a t i o n s .  

Maanetic F i e l d  of Venus 

/ 
.Y 

Mariner 2 passed wi th in  41,000 km of the c e n t e r  of Venus on 

14 December 1962. The encounter t r a j e c t o r y  is  shown i n  f i g u r e  5 i n  a 

Venus-centered coord ina te  system appropr i a t e  t o  the i n v e s t i g a t i o n  of a 

p o s s i b l e  magnetic c a v i t y  enclosing the  p l ane t  (Smith, Davis ,  Coleman, . 

and S o n e t t ,  1965). The R a x i s  po in t s  away from the  sun ( i n  the  d i r e c t i o n  
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of t h e  s o l a r  wind), t he  T a x i s  is p a r a l l e l  t o  t h e  e c l i p t i c  p lane  and 

p o s i t i v e  i n  the  d i r e c t i o n  i n  which the  p l a n e t s  move, and N, which i s  

or thogonal  t o  T and R ,  makes an  angle of only - 1.5' w i th  t h e  n o r t h  

p o l a r  a x i s  of the  e c l i p t i c .  I f  Mariner 2 had encountered the  e a r t h ,  

i n s t e a d  of Venus, on such a t r a j e c t o r y ,  i t  would have e n t e r e d  t h e  

t r a n s i t i o n  reg ion  behind t h e  e a r t h  a t  a geocen t r i c  d i s t a n c e  of 

150,000 t o  200,000 km, t h e  magnetosphere a t  100,000 t o  125,000 km, 

and would have passed outward through the  magnetopause and shock 

f r o n t  near  t h e  noon meridian. A t  c l o s e s t  approach (41,000 krn), t h e  

e a r t h ' s  f i e l d  has  a magnitude of - 125 y and i s  r e l a t i v e l y  f r e e  of 

d i s t o r t i o n  by t h e  compression of the f i e l d  f u r t h e r  o u t  so  t h a t  i t  

would have been p o s s i b l e  t o  e s t ima te  t h e  t h r e e  components of  t he  

d i p o l e  moment t o  w i t h i n  - 10%. 

Magnetic f i e l d s  i n  t h e  v i c i n i t y  of Venus were measured 

cont inuous ly  a long  t h e  t r a j e c t o r y  by a t r i a x i a l  f l u x  g a t e  magnetometer. 

The s e n s i n g  element of such a magnetometer i s  a c y l i n d e r  OF h igh  

p e r m e a b i l i t y  magnetic m a t e r i a l  t h a t  i s  d r i v e n  i n t o  s a t u r a t i o n  by 

pass ing  an aud io  frequency c u r r e n t  through a s e t  of primary windings. 

I n  t h e  presence of a s t eady  ambient magnetic f i e l d  having  a component 

p a r a l l e l  t o  t he  c y l i n d e r  a x i s ,  the vo l t age  induced i n  a s e t  of 

secondary windings inc ludes  a second harmonic of t he  primary d r i v e  

frequency. The amplitude of t h i s  second harmonic component i s  pro- 

p o r t i o n a l  t o  the  magnitude of t he  s t eady  f i e l d  component, and i t s  
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phase r e l a t i v e  t o  the  d r i v e  s i g n a l  i s  determined by whichever of t h e  t w o  

p o s s i b l e  d i r e c t i o n s  the  f i e l d  component i s  p o i n t i n g  i n .  The t h r e e  mutua l ly  

or thogonal  s enso r s  were loca ted  on t h e  Mariner s u p e r - s t r u c t u r e  (see f i g .  6) 

a s  f a r  a s  p o s s i b l e  from t h e  main body of  t h e  s p a c e c r a f t  (which con ta ined )  

the  magnetometer e l e c t r o n i c s  and the o t h e r  experiments)  i n  o r d e r  t o  

reduce the  c o n t r i b u t i o n  of t h e i r  magnetic f i e l d s  t o  the measurements. 

Neve r the l e s s ,  t h e  s p a c e c r a f t  con t r ibu ted  a f i e l d  a t  t h e  s e n s o r  s l i g h t l y  

i n  excess  of 100 y. F o r t u n a t e l y ,  there  were no s i g n i f i c a n t  magnetic 

f i e l d  changes a s s o c i a t e d  wi th  the spacec ra f t  mode of o p e r a t i o n  n e a r  

t h e  p l ane t .  

The Mariner 2 d a t a  system sampled t h e  t h r e e  magnetometer 

ou tpu t  vo l t ages  every  20 seconds f o r  approximately 7 hours  du r ing  

encounter .  The v o l t a g e s  w e r e  converted t o  d i g i t a l  d a t a ,  8 - b i t  b i n a r y  

numbers l y i n g  between 0 and 255. The u n c e r t a i n t y  in t roduced  by t h e  

conve r s ion ,  - 2& v per  a x i s ,  w a s  s u b s t a n t i a l l y  l a r g e r  than t h e  

n o i s e  th re sho ld  of the  magnetometer. The encounter  d a t a  a re  shown i n  

f i g u r e  7 as  a success ion  of v e r t i c a l  l i n e s  whose length  cor responds  t o  FIG. 7 

t h e  d i g i t i z a t i o n  unce r t a in ty .  

BE, correspond t o  the  coord ina te  d i r e c t i o n s  desc r ibed  above. 

t o  3 v 

/ 
The t h r e e  f i e l d  components, BN, BT, and 

A cur so ry  i n s p e c t i o n  of the  d a t a  shows no f i e l d  changes t h a t  

could  be d e f i n i t e l y  a t t r i b u t e d  t o  Venus. I f  smooth, long pe r iod  f i e l d  

changes t h a t  might be c h a r a c t e r i s t i c  of a p l a n e t a r y  f i e l d  a r e  i n v e s t i g a t e d ,  
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t h e  l a r g e s t  such change t h a t  could be bur ied  i n  t h e  obse rva t ions  would 

have had a r e s u l t a n t  magnitude of only 10 y. 

had pene t r a t ed  i n t o  t h e  magnetosphere, a f i e l d  of a t  l e a s t  100 v should 

have been observed. We can  s a f e l y  conclude, t h e r e f o r e ,  t h a t  t h e  space-  

However, i f  Mariner 2 

c r a f t  t r a j e c t o r y  d i d  not  p e n e t r a t e  c lose  enough t o  Venus t o  r each  t h e  

magnetopause. S i m i l a r l y ,  t h e  shock f r o n t ,  t he  magnetic e f f e c t  t h a t  

could have been seen  a t  t h e  g r e a t e s t  d i s t a n c e  from the p l a n e t ,  should 

appear  i n  t h e  d a t a  a s  an  onse t  of enhanced f i e l d  f l u c t u a t i o n s  w i t h  

ampl i tudes  of s e v e r a l  gamma and per iods  ranging from a f e w  seconds t o  

s e v e r a l  minutes o r  more. However, such f l u c t u a t i o n s  a r e  c l e a r l y  less 

than  3 t o  5 v on any a x i s  and the  ampli tudes could be cons ide rab ly  

less on a t  l e a s t  two axes and be c o n s i s t e n t  w i th  the  a n a l o g - t o - d i g i t a l  

convers ion  unce r t a in ty .  Furthermore,  one of t he  two q u i e t e s t  i n t e r v a l s  

occur red  a s  Mariner t r a v e l e d  from 70,000 t o  41,000 km ( c l o s e s t  approach).  

When compared w i t h  i n t e r p l a n e t a r y  measurements made both before  and 

a f t e r  encoun te r ,  t h e r e  i s  no d i f f i c u l t y  i n  accep t ing  the  encounter  

measurements a s  t y p i c a l  i n t e r p l a n e t a r y  f i e l d  d a t a  and concluding t h a t  

they  show no t r a c e  of the  presence of Venus. This  r e s u l t  i s  c o n s i s t e n t  

w i t h  t h e  Mariner 2 p a r t i c l e  experiments which ind ica t ed  t h a t  t h e r e  w a s  

no p e r t u r b a t i o n  of t h e  s o l a r  wind a s soc ia t ed  w i t h  passage p a s t  Venus, 

(Neugebauer and Snyder,  1965), and no h igh  energy r a d i a t i o n  b e l t s  were 

d e t e c t e d  (Frank, Van Al l en ,  and H i l l s ,  1963; Anderson 1963). 
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An upper bound on the  magnetic d ipo le  moment of Venus can  be 

es t imated  us ing  the  r e l a t i o n  der ived above. This  equat ion  can  be used 

t o  s c a l e  down t h e  e a r t h ' s  shock f r o n t  contour  f o r  var ious  p o s s i b l e  

va lues  of t he  d i p o l e  moment. For the l i m i t i n g  d ipo le  moment t h e  

t r a j e c t o r y  would have i n t e r s e c t e d  the shock somewhat downstream of the  

p o s i t i o n  of c l o s e s t  approach i n  a d i r e c t i o n  approximately 105O from the  

sun-Venus l i n e  and a t  a d i s t ance  -52,000 km from Venus. Near e a r t h  

the  corresponding d i s t ance  t o  the  shock f r o n t  a t  a sun -ea r th - spacec ra f t  

angle  of 105' is  N 27.5 Re o r  175,000 km. This  impl ies  (tr = ,026. 

On t h e  average ,  t he  s o l a r  wind pressure  o r  momentum f l u x  nea r  Venus 

w i l l  be approximately one-half  of i t s  value a t  t h e  e a r t h ' s  o r b i t  

s i n c e  the  proton number d e n s i t y ,  N, is  inve r se ly  p ropor t iona l  t o  

the square of the d i s t ance  from the sun and the  wind speed is  n e a r l y  

independent of d i s t ance .  The Mariner 2 plasma experiment showed t h a t  

t h e  a c t u a l  s o l a r  wind pressure  was indeed approximately 2 times t h e  

t y p i c a l  s o l a r  wind p r e s s u r e  near  t h e  e a r t h  (Neugebauer and Snyder ,  1965). 

Th i s  dependence on ' e f f e c t i v e l y  inc reases  the  l i m i t i n g  d i p o l e  (.E) . .  
moment by a f a c t o r  of - 1.4 so  tha t  M < .036%. 

The conclusion t h a t  Venus' d ipo le  moment is only  one- ten th  

t o  o n e - t h i r t i e t h  of t h e  e a r t h ' s  d ipo le  moment i s  q u a l i t a t i v e l y  c o n s i s t e n t  

w i th  the  e x p e c t a t i o n ,  based on the dynamo theory  of p l a n e t a r y  magnetic 

f i e l d s ,  t h a t  Venus i s  r o t a t i n g  too slowly t o  genera te  a magnetic d i p o l e  

f i e l d  as l a rge  a s  the  e a r t h ' s .  I f  % had been found to  be approximately 
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equa l  t o  s, i t  could have implied t h a t  the  core  of Venus w a s  somehow 

very d i f f e r e n t  from the  core  of the e a r t h  o r  t h a t  the dynamo mechanism 

w a s  less w e l l  understood than w e  suppose.  T h e o r i s t s  have been spared  

such agony. The Mariner observa t ions  d e f i n i t e l y  r u l e  o u t  t h e  sugges t ion  

t h a t  t h e  magnetic f i e l d  of Venus i s  l a r g e  enough t o  a f f e c t  t h e  s o l a r  

wind flow a t  a d i s t ance  of 450 Venus r a d i i  (Houtgast and v a n S l u i t e r s ,  1962) 

S ince  % i s  less than  0.1 %, t he  cosmic r ay  f l u x  above the 

atmosphere of Venus w i l l  be everywhere comparable t o  what i s  observed 

only  above the  e a r t h ' s  p o l a r  regions.  A zone of t rapped ,  h igh  energy  

p a r t i c l e s  s imilar  t o  the  e a r t h ' s  is no t  excluded,  but i t  w i l l  have 

t o  be confined w i t h i n  a magnetosphere having a r a d i a l  e x t e n t  of on ly  

5 Venus r a d i i  o r  less. 

Mapnetic F i e l d  of  Mars 

On J u l y  14-15, 1965 Mariner 4 passed near  Mars, be ing  only  

13,200 km (3.9 r ) from the  p l a n e t ' s  c e n t e r  a t  c l o s e s t  approach. 

f l i g h t  p a t h  appears  i n  Figure 8 ,  aga in  i n  a p l ane t - cen te red ,  sun- 

o r i e n t e d  coord ina te  system. The R a x i s  is r a d i a l l y  outward from the  

sun ,  t he  T a x i s  i s  p a r a l l e l  t o  Mars e q u a t o r i a l  plane and p o s i t i v e  i n  

t h e  d i r e c t i o n  of p l ane ta ry  motion, and the  t h i r d  or thogonal  component, 

N, l i e s  i n  t h e  p lane  con ta in ing  the  sun vec to r  (R) and Mars ro ta t ion  

axis w i t h  which i t  makes an  angle  of -25'. 

t h e  p l a n e t ' s  shadow but  moved away i n  t h e  d i r e c t i o n  of a n  asymptote 

cor responding  t o  a l o c a l  ti& of - 2200 hours.  

The M 

Mariner 4 d i d  n o t  pas s  i n t o  

This  f e a t u r e  has  the 
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important  consequence t h a t  a p l ane ta ry  norrent l a rge  enough t o  cause  a 

magnetic t a i l  reaching  the  Mariner t r a j e c t o r y  a f t e r  c l o s e s t  approach 

would have caused the magnetopause o r  shock f r o n t  t o  i n t e r s e c t  t h e  

t r a j e c t o r y  before  c l o s e s t  approach. Thus, the  l i m i t  on t h e  Mart ian 

d i p o l e  moment w a s  s e t  by t h e  c a p a b i l i t y  of t he  magnetometer t o  d e t e c t  

t he  shock f r o n t .  Near e a r t h ,  j u s t  a f t e r  launch, t he  Mariner magneto- 

meter d a t a  showed c l e a r  evidence of passage through the  geomagnetic 

bow shock (Coleman, Smith,  Davis ,  and Jones ,  1965). / 
\ 

Mariner 4 ( i i g u r e  9) c a r r i e d  a new type of vec to r  magnetometer, t h e  FIG- 9 

low f i e l d  hel ium magnetometer. I n  t h i s  ins t rument  c i r c u l a r l y  p o l a r i z e d  

i n f r a r e d  r a d i a t i o n  from a hel ium lamp is  focused on a c e l l  con ta in ing  

metas tab le  hel ium, and t h e  r e s u l t i n g  Zeemn abso rp t ion  i s  monitored 

by a n  I R  d e t e c t o r .  By a process  ca l l ed  o p t i c a l  pumping, a b s o r p t i o n  

and r e r a d i a t i o n  quick ly  leads  t o  a h igh ly  unequal popula t ion  of  hel ium 

atoms being i n  one of t he  Zeeman l e v e l s ,  one which cannot abso rb  t h e  

i n c i d e n t  r a d i a t i o n  s o  t h a t  absorp t ion  is  i n h i b i t e d  and t h e  gas  becomes 

t r a n s p a r e n t .  The pumping e f f i c i e n c y  depends on the  cos ine  squared 

of the  ins tan taneous  angle  between the  d i r e c t i o n  of t h e  magnetic f i e l d  

and t h e  o p t i c  a x i s  c o n s i s t i n g  of the lamp, c i r c u l a r  p o l a r i z e r ,  c e l l  

and d e t e c t o r .  A magnetic f i e l d  r o t a t i n g  a t  50 cps ,  genera ted  a t  t h e  

c e l l  by pass ing  two s i n u s o i d a l  cu r ren t s  90' out  of phase through a se t  

of helmholz c o i l s ,  produces a doubly pe r iod ic  (100 cps)  v a r i a t i o n  in 

t h e  t ransparency .  The presence of an  ambient magnetic f i e l d  causes  a 
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50 cps  component t o  appear i n  the  d e t e c t o r  ou tput  which is t h e n  

demodulated and used t o  genera te  a s t eady  c u r r e n t  i n  t h e  f i e l d  c o i l s  

t o  f o r c e  t h e  r e s u l t a n t  s t e a d y  f i e l d  t o  zero.  The u s e  of feedback 

g r e a t l y  improves t h e  l i n e a r i t y  and s t a b i l i t y  of the magnetometer 

ou tpu t  which c o n s i s t s  of t h r e e  s t eady  ana log  vo l t ages  p r o p o r t i o n a l  

t o  t h e  t h r e e  components of t h e  ambient f i e l d .  The no i se  t h r e s h o l d  

of t h e  ins t rument  is equ iva len t  t o  on ly  0.1 r r m s ,  s i g n i f i c a n t l y  less 

than  t h e  u n c e r t a i n t y  of 3 r introduced by i n - f l i g h t  ana log  t o  d i g i t a l  

convers ion .  During encounter ,  fou r  t r i a x i a l  d a t a  samples were obta ined  

eve ry  50.4 seconds a t  i n t e r v a l s  of 6.0,  3.6, 9.6, and 31.2 seconds.  

None of t h e  magnetometer d a t a  obta ined  near Mars were 

presented  i n  the  p re l imina ry  r e p o r t  on which t h i s  d i s c u s s i o n  is based ,  

so  none can be shown here  (Smith, Davis,  Coleman, and Jones ,  1965). 

No d e f i n i t e  magnetic e f f e c t  a s s o c i a t e d  wi th  t h e  p l a n e t  w a s  e v i d e n t  

i n  t h e  measurements. F o r t u n a t e l y  t h e  i n t e r v a l  be fo re ,  and d u r i n g ,  

encounter  was one of r e l a t i v e  magnetic calm. The seven months of 

i n t e r p l a n e t a r y  measurements showed a p a t t e r n  of a l t e r n a t i n g  d i s t u r b e d  

and q u i e t  i n t e r v a l s  r e l a t e d  t o  d a i l y  changes i n  s o l a r  a c t i v i t y .  The 

s e a r c h  f o r  i r r e g u l a r  f i e l d s  a s s o c i a t e d  wi th  t h e  bow shock would have 

been more d i f f i c u l t  i f  the  i n t e r p l a n e t a r y  f i e l d  had been d i s t u r b e d  

r a t h e r  than  q u i e t .  

space  t h a t  have t h e  appearance of a hydromagnetic shock but  t h a t  are 

I r r e g u l a r  v a r i a t i o n s  sometimes occur i n  i n t e r p l a n e t a r y  

undoubtedly caused by impulsive s o l a r  wind v a r i a t i o n s .  However, for 

approximate ly  seven hours preceding c l o s e s t  approach no changes i n  any 
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of t h e  measured f i e l d  components were observed t h a t  could not  be r e a d i l y  

i d e n t i f i e d  a s  f l u c t u a t i o n s  of the i n t e r p l a n e t a r y  magnetic f i e l d .  

Approximately 20 minutes a f t e r  c l o s e s t  approach a d i s t u r b a n c e  began 

w i t h  an  a b r u p t  jump of 5 y t h a t  continued f o r  almost 3 h o u r s , a f t e r  

which the  components r e tu rned  t o  t h e i r  p rev ious  va lues .  T h i s  d i s t u r b a n c e  

could  have been one of many s i m i l a r  i n t e r p l a n e t a r y  d i s t u r b a n c e s ,  o r  it 

could  have been a bow shock a s soc ia t ed  w i t h  a weak Mar t ian  magnetic 

d i p o l e  moment. I n  l i e u  of any evidence i n  the  p re l imina ry  a n a l y s i s  

t o  d i s t i n g u i s h  between t h e s e  two p o s s i b i l i t i e s ,  i t  w i l l  be assumed t h a t  

t h e  d i s t u r b a n c e  was a c t u a l l y  a bow shock, and a conse rva t ive  e s t i m a t e  

of t h e  upper bound on the  Martian d ipo le  moment w i l l  be de r ived .  

The d i s t u r b a n c e  was seen  a t  an a r e o c e n t r i c  d i s t a n c e  of 

14,700 km a t  a Sun-Mars-spacecraft ang le  of 110'. Near e a r t h  a t  

t h e  same a n g l e ,  t h e  IMP-1 and Marixr 4 d a t a  a r e  c o n s i s t e n t  w i t h  t h e  

bow shock be ing  loca ted  beyond 37.5 rE o r  a t  240,000 km. 

experiment i n d i c a t e s  t h a t  t h e  s o l a r  wind p res su re  w a s  less than  

dynes.cm-2 du r ing  t h e  encounter  with Mars (H. S. Bridge, A .  Lazarus, 

and C. W. Snyder,  p r i v a t e  communication). Furthermore,  a s i m i l a r  

i n s t rumen t  on t h e  e a r t h  s a t e l l i t e  IMP- 1 y ie lded  a r e p r e s e n t a t i v e  va lue  

of P e q u a l  t o  2-10-' dynes 

s u b s t i t u t e d  i n t o  t h e  equa t ion  f o r  MI%, t h e  computed bound on 

o u t  t o  be - lo-' ME. 
much as a f a c t o r  of 3 .  On t h e  o the r  hand, i f  t he  d i s t u r b a n c e  s e e n  

j u s t  a f t e r  c l o s e s t  approach w a s  not a s s o c i a t e d  wi th  Mars t h e  upper 

The plasma 

When t h e  foregoing  in fo rma t ion  is  E 
t u r n s  

Th i s  e s t ima te  is  u n l i k e l y  t o  be t o o  low by as 
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bound on % w i l l  be even smal le r .  Therefore ,  i t  is  s a f e  t o  conclude 

t h a t  t he  Martian d ipo le  moment i s  no l a r g e r  than  1/3000 of t h e  d i p o l e  

moment of the e a r t h .  Of course ,  i t  could be e s s e n t i a l l y  zero.  F igure  

10 shows the  shock f r o n t  near  Mars (computed wi th  % equa l  t o  

and 

of a r e o c e n t r i c  d i s t a n c e  and the  ins tan taneous  Sun-Mars-spacecraft  

angle .  

ME) and the  Mariner t r a j e c t o r y  which is  p l o t t e d  as a f u n c t i o n  

The upper bound on the  Martian d ipo le  moment i s  d rama t i ca l ly  

s m a l l e r  than the  corresponding number der ived  f o r  Venus us ing  t h e  

Mariner 2 da ta .  This  improved s e n s i t i v i t y  i s  the consequence of the  

c l o s e r  approach of Mariner 4 t o  the p l a n e t  and the  g r e a t e r  s e n s i t i v i t y  

of the  Mariner 4 magnetometer da t a .  

The smallness  of the  Martian d ipo le  moment is  a g a i n  con- 

s i s t e n t  with the  q u a l i t a t i v e  p red ic t ions  of the  dynamo theory.  S ince  

the  r o t a t i o n  r a t e s  of Mars and the e a r t h  a r e  nea r ly  equa l ,  a very  

sma l l  f l u i d  co re  i s  ind ica t ed  f o r  Mars i n  agreement wi th  ea r l i e r  

p roposa l s  (Lrrey, 1957; MacDonald, 1962; L y t t l e t o n ,  1965). The Mart ian 

i n t e r i o r  appears  t o  be more l i k e  the  i n t e r i o r  of the  moon than  the  

i n t e r i o r  of the  e a r t h .  A moment of 3.10'4 impl ies  t h e  magnetic 

f i e l d  a t  t h e  s u r f a c e  due t o  the d ipole  i s  no l a r g e r  than cv 100 y .  It 

a l s o  means t h a t  t h e  f l u x  of cosmic r a y s  a t  t he  top  of Mars atmosphere 

should  everywhere be comparable t o  what i s  observed a t  t h e  e a r t h  only  

above the  p o l a r  regions.  The magnetic energy d e n s i t y  a s s o c i a t e d  w i t h  

a moment t h i s  smal l  d r a s t i c a l l y  l i m i t s  t h e  maximum energy d e n s i t y  of 
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t rapped p a r t i c l e s  so t h a t  only a very weak r a d i a t i o n  b e l t  w i l l  be 

p o s s i b l e .  Since t h e  magnetopause m u s t  l i e  i n s i d e  an a r e o c e n t r i c  

r a d i u s  of - 2 . 5  r 

r a d i a t i o n  b e l t  t h a t  may e x i s t  must a l s o  be small .  This  i m p l i c a t i o n  is 

c o n s i s t e n t  wi th  the  r e s u l t s  of t he  Mariner 4 high energy p a r t i c l e  

experiments which d i d  n o t  d e t e c t  any r a d i a t i o n  w a r  Mars (Simpson and 

O'Gallagher,  1965; Van A l l e n ,  e t  a l ,  1965). 

a t  t h e  s u b s o l a r  p o i n t ,  t h e  volume occupied by any M 
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FIGURE CAPTI(3NS 

Figure  1 

The d i v i s i o n  of space surrounding t h e  e a r t h  i n t o  d i f f e r e n t  - 
magnetic regions.  As i n d i c a t e d ,  the view is from above t h e  e a r t h ' s  

po le .  The hypersonic  s t reaming of the  s o l a r  wind pas t  t h e  a s y m e t r i c  

magnetosphere se t s  up a bow shock wave. The f i g u r e  i s  no t  drawn t o  

s c a l e  and only  s imple ,  smooth su r faces  have been employed. 

F igu re  2 

C h a r a c t e r i s t i c  MaEnetic F i e l d s  Near Earth.  Th i s  i s  a 

composite of the t y p i c a l  f i e l d  c h a r a c t e r i s t i c s  i n  t h e  v a r i o u s  magnetic 

r eg ions  viewed as a func t ion  of geocent r ic  d i s t a n c e  only.  

F igu re  3 

Lunik 2 t r a j e c t o r y  near  t he  Moon. The s e l e n o c e n t r i c  

d i s t a n c e  of Lunik 2 is p l o t t e d  a g a i n s t  t h e  a s s o c i a t e d  sun-moon-space- 

c r a f t  angle .  The two smooth contours  showing t h e  nominal l o c a t i o n s  of 

t h e  shock f r o n t  and magnetopause were sca l ed  down from t h e  corresponding 

con tour s  f o r  t he  e a r t h .  

F i g u r e  4 

Lunik 2 magnetometer data. The t h r e e  components of t h e  

apparent  f i e l d  (mostly or e n t i r e l y  magnetometer no i se )  are shown a long  

w i t h  T ,  t h e  square  r o o t  of t he  sum of the squa res ,  f o r  t h e  last 4000 

km of t h e  f l i g h t .  The dashed curves a t  t h e  top  r e p r e s e n t  magnetic 

? 
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f i e l d s  having d i f f e r e n t  values  a t  t he  su r face  and a l l  f a l l i n g  o f f  as 

the  inve r se  cube of t h e  se l enocen t r i c  d i s t a n c e  (Taken from Dolginov e t  

a l ,  1960). 

l o c a t i o n  of shock f r o n t  and magnetopause, r e s p e c t i v e l y ,  assuming a 

Arrows a t  t h e  t o p  marked SF and MP mark t h e  nominal 

l una r  magnetic d i p o l e  moment of  

F igure  5 

. ME 

Mariner 2 t r a i e c t o r y  near Venus. The t r a j e c t o r y  i s  shown 

i n  so -ca l l ed  c a v i t y  coord ina te s  def ined i n  the t e x t .  The aphrod iocen t r i c  

d i s t a n c e  a t  a s p e c i f i c  GMT is  ind ica ted  by t h e  f i l l e d  do t s .  (From 

Smith e t  a l ,  1965). 

F igu re  6 

- The Mariner 2 Spacecraf t .  The bas i c  s t r u c t u r e  c o n s i s t s  of 

a hexagonal body con ta in ing  t h e  engineer ing  subsystems and experiment 

e l e c t r o n i c s  t o  which were appended two s o l a r  pane l s ,  a d i r e c t i o n a l  

antenna ( the  mesh parabolo id  a t  t he  bottom), and a s u p e r s t r u c t u r e  

t o  suppor t  t he  omnidi rec t iona l  antenna ( in s ide  the  c y l i n d r i c a l  

i n s u l a t o r  a t  the  top )  and science senso r s ,  i nc lud ing  the  magnetometer. 

Mariner  2 was i n e r t i a l l y  s t a b i l i z e d  (non-spinning) us ing  t h e  sun and 

e a r t h  as r e fe rences .  

F i g u r e  7 

Mariner 2 magnetometer data. The magnetic f i e l d  measurements 

from 13 hours  b e f o r e ,  t o  10 hours a f t e r ,  c l o s e s t  approach are  shown. 

The d a t a  appear  as  a s e r i e s  of v e r t i c a l  l i n e s  r e p r e s e n t i n g  the  u n c e r t a i n t y  
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int roduced by d i g i t i z i n g  the  da t a  p r i o r  t o  t h e i r  being te lemetered .  

V e r t i c a l  l i n e s  equ iva len t  t o  f i e l d  changes of 10 y are  shown. The in- 

s tan taneous  d i s t a n c e  t o  Venus appears a t  t he  bottom of t w o  of the  

panels .  (Smith e t  a l ,  1965). 

F igure  8 

Mariner 5 T r a j e c t o r y  Near Mars. Th i s  f i g u r e  i s  comparable 

t o  f i g u r e  5;  however, t he  R ,  T ,  N axes  a r e  de f ined  s l i g h t l y  d i f f e r e n t l y  

(see t h e  t e x t ) .  

F igure  9 

Mariner 3 Spacecraf t .  The oc tagonal  body con ta in ing  the  

engineer ing  and s c i e n t i f i c  subsystems a l s o  suppor t s  t h e  f o u r  s o l a r  

pane ls  ( a t  the ends of which a r e  a t t i t u d e  c o n t r o l  vanes ) ,  a c e n t r a l  

d i r e c t i o n a l  antenna and a long wave guide ending i n  a n  omnidi rec t iona l  

antenna. The vec to r  hel ium magnetometer s enso r  is the  b r i g h t  sphere  

c l o s e s t  t o  t he  upper end of t h e  waveguide. The s p a c e c r a f t  was 

s t a b i l i z e d  (non-spinning) us ing  the  sun and t h e  s t a r ,  Canopus, as  

r e fe rences .  

F igu re  10 

Mariner  4 Encounter Showing Poss ib l e  Shock F ron t s .  

c r a f t  t r a j e c t o r y  i s  shown a s  a p o l a r  p l o t  of a r e o c e n t r i c  d i s t a n c e  versus  

t h e  corresponding sun-Mars-spacecraft  angle .  

f o r  magnetic d i p o l e  moments of and 

us ing  t h e s c a l i n g  r e l a t i o n  discussed i n  t h e  t e x t .  

The space- 

Contours have been drawn 

times t h a t  o f  the  e a r t h  

The i r  i r r e g u l a r i t y  i s  
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a reminder t h a t  the  a c t u a l  shock f r o n t  l o c a t i o n  near  e a r t h  f l u c t u a t e s  

wi th  i r r e g u l a r i t i e s  i n  the  s o l a r  w i n d .  The i n t e r s e c t i o n  of t h e  inne r -  

most contour  wi th  the  t r a j e c t o r y  corresponds t o  the  onse t  of a magnetic 

d i s tu rbance .  

, 
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